Metal organic interfaces have been under intensive scientific investigation over the past few years with the objective of improving devices based on organic materials. In this study, we report the first results on spectroscopy and imaging of a buried metal-organic interface using ballistic electron emission microscopy (BEEM). Unlike photoexcitation-based experiments, which typically average over large interfacial areas, BEEM enables direct observation of local interface band structure with nanometer resolution. The interface of silver (Ag) -polyparaphenylene (PPP, a blue emitter with high photoluminescence efficiency) is investigated. Multiple injection barriers and spatial non-uniformity of carrier injection are observed. Possible causes for these features will be discussed. The BEEM current images are found to correlate marginally with the surface topography of the silver film.
INTRODUCTION
Electronic devices rely on the properties of interfaces between dissimilar materials to inject and collect currents, or to manipulate signals [1] [2] [3] [4] . With the growing interest in electronics using molecules and polymers, questions about the properties of interfaces between metals and organics have become critical for understanding the basic physics operation 5 . Properties of interfaces between metals and organics have been addressed by conventional spectroscopy and currentvoltage measurements 6 . These techniques however average over millimeter areas, and do not provide nanometer scale information over typical experimental device dimensions, which range over several tens of nanometers. In this work, we use ballistic electron emission microscopy to investigate the properties of a buried metal-organic interface. BEEM has been used with considerable success in studying metal-inorganic semiconductor interfaces and heterostructures 7, 8 .
1. Schematic of the ballistic emission spectroscopy and imaging of an Ag-PPP buried interface. The Ag and PPP are evaporated onto a pre-deposited Au film on a Si or glass substrate, held at 77 K to minimize interdiffusion. Noble metal such as Ag is not detrimental to organics.
A device configuration and schematic for BEEM, is shown above in Figure 1 . An organic semiconductor is overlaid with a thin metal film (typically < 10 nm, termed the base), with an ohmic contact on the opposite side (termed the collector). The top metal film is grounded, and carriers are injected into it using a scanning tunneling microscope (STM) tip. These carriers are injected at energies sufficiently high above the Fermi energy, so that they propagate ballistically before impinging on the interface. There is spreading of carriers in the metal film due to mutual Coulomb repulsion as well as some scattering by imperfections. When the energy of the carriers exceeds the Schottky/injection barrier, they propagate into the semiconductor and are collected at the contact on the bottom. Typically the tunneling current is attenuated by a factor of 1000, so that collector currents are in the picoamp range. Spectroscopy and imaging can be done on this structure, by monitoring the collector current as a function of STM tip bias voltage at a fixed location, or as a function of tip position at a fixed STM tip bias.
Polyparaphenylene (PPP) and its derivatives are blue emitters with high photoluminescence efficiency 9 . When synthesized from p-dibromobenzene, PPP can be evaporated onto substrates as films 10 . In this work, PPP in the form of yellowish flakes was evaporated onto a pre-deposited gold film -serving as the collector -on a glass substrate. Choice of the base depends on the injection barrier that is to be measured. We have chosen Ag, since PPP is a hole transport material, and the Schottky-Mott rule yields a barrier of 0.9 V for the Ag-PPP interface. However, this rule ignores band bending, and the possibility of dipoles at the metal-organic interfaces, which change the barrier's magnitude 6 . Evidence for the existence of interfacial dipoles comes from various experiments, including UPS and Kelvin probe. The Ag film is nominally 10 nm thick. It is known that noble metals do not damage the organic, and diffusion of the metal into the organic is minimized when the metal is deposited onto a sample held at low temperature 11 .
The experiments were done at 77 K in a home-assembled STM system. The current noise of the setup is typically 1 pA. Ag has been shown to yield "injection limited" contacts for hole injection into the polyparaphenylene/vinylene family of organics 11 . Such contacts also have a weak temperature dependence of the injection characteristics. In contrast, space charge limited contacts (such as indium tin oxide ITO-PPP/PPV) can lead to charge accumulation in the organic, giving discrepancies in the injection barrier 11 . Phenyl rings constituted in the major structure of the PPP is known to twist about the bonds connecting them 12 . Unless the polymer is in the crystalline phase, these torsional oscillations are dynamic, and exist at all temperatures above 20 K. Such deformations are known to modify the HOMO and LUMO energy levels of the polymer, and also the band gap 12 . When coupled with intrinsic disorder due to deposition on a cold substrate and the long chain nature of the polymer significant broadening of the HOMO and LUMO energy levels 13 occurs. These are important issues that need attention for the success of the experiments described in this work.
RESULTS
2.
(1) The I-V and the dI/dV of the Ag-PPP interface. Multiple thresholds evidenced as steps in the dI/dV are clearly seen.
(2) The I-V on a log scale, showing regimes of power-law behaviour.
Figure 2(1) shows a current-voltage (I-V) spectroscopy over a 0 to 2 V range. Since PPP is a hole transport material, the 1 2 STM tip is used to inject holes, making this a ballistic hole emission spectrum. Over two hundred individual I-V's acquired over different locations within a 10 nm square are averaged to obtain this curve to reduce noise. Repeated acquisition of spectra at the same point were found to be detrimental to the sample, as evidenced by instability of the spectrum. Qualitatively, this curve is similar to BEEM spectra seen for metal-inorganic semiconductor interfaces. The Schottky or injection barrier is taken to be the point where the collector current begins to deviate from zero. However, thermal effects can cause significant deviations from the true value. Early BEEM experiments on metal-organic interfaces yielded low currents in the few pA range 14 . We believe that this is sample dependent, with spin-coated samples yielding lower currents.
Extraction of the Schottky barrier from BEEM data shown in Figure 2 (1) requires modeling of the spectral shape. Kaiser and Bell 15 (KB) used a planar tunneling formalism for determining the shape, while Ludeke and Prietsch 16 (LP) used transverse momentum conservation at the metal-inorganic semiconductor (MIS) interface. The use of the LP model for interfaces that do not have matching lattice nets is questionable. In the KB model 15 the functional dependence of the BEEM current on voltage is a power law, (V-V 0 ) n , where V 0 is the injection barrier, and the exponent n is typically two. The best fit to our data is obtained with an exponent of about 3 and a V 0 of about 0.45 V. This is much smaller than the barrier determined from the Schottky-Mott rule. Deviations from Schottky-Mott model are more the rule than the exception. The image effect can reduce the height of the barrier and also move it away from the interface. This lowering is calculated to be 15 meV, and the position from the interface turns out to be about 300 A 8 . Clearly, the lowering of the barrier is negligible and cannot explain the large deviation from the Schottky-Mott rule. However, the shifting away from the interface can have a substantial effect. The reason for this large deviation remains to be understood, and will be addressed below.
The KB model has been used successfully for semiconductors with parabolic energy bands, and fits the Au-Si (100) data very well. Both models are valid in a small region of energy close to the threshold. Significant deviations occur at higher energies, and are attributable to voltage-dependent energetic distribution of the tunneling current, carrier scattering in metal overlayer (base) and impact ionization in the semiconductor. Fig. 2(2) , which shows the I-V on a logarithmic scale, demonstrates the power law behavior in a small region near the threshold. Additionally, the assumption of transverse wavevector conservation is justifiable for epitaxial interfaces such as CoSi2/Si and NiSi2/Si. Au/Si and Au/GaAs interfaces are neither atomically abrupt nor epitaxial, thus invalidating this assumption. However, BEEM spectroscopy and imaging have been performed on such interfaces. For metal-organic interfaces, there exists no matching lattice net. Furthermore, k is not a valid quantum number in the organic. Hence, a completely different theoretical approach to analyzing BEEM data is required for metal-organic interfaces.
For MIS interfaces, a more sophisticated technique to obtain the Schottky barrier is to differentiate the data, so that steps in the dI/dV corresponding to the injection barrier can be readily discerned. It is not clear whether this technique can be applied to metal-organic interfaces. Hence the derivative data need to be interpreted with caution. The dI/dV data can also be used to determine the transmission function across the interface. The dI/dV shown in Figure 2 (1) exhibits multiple steps. Clear steps at voltages of 0.6 V, 0.9 V and 1.1 V are seen. These data indicate that the injection barrier is not unique, in contrast to the case of Au-Si interfaces. Multiple steps in the dI/dV have been observed for metalinorganic semiconductor junctions as well (e.g. GaAs and GaN). We will address the issue of multiple thresholds below.
An STM image of the top Ag film, at 0.5 V and 1 nA is shown in Figure 3 (1). The I-V and its derivative dI/dV enable a choice of imaging conditions suitable to the particular interface. For instance, based on the spectroscopy data, it is possible to determine that bias voltages of 0.6 V and 0.8 V should yield a measurable collector current. Plots of the collector current as a function of STM tip position are images of electronic transparency of the interface. It is important to ensure that the Ag film is reasonably flat, since the BEEM actually grounds the area of the metal investigated by the tip. Unless this requirement is met, attempts to tunnel into patches of the metal film, which are poorly connected, can lead to tip crashes. Two such images obtained at 0.6 V (chosen 0.1 V above the fit threshold of 0.5 V and 0.8 V (0.2 V above the dI/dV threshold of 0.6 V) are shown in Figures 3(2) and 3(3) . All images are 50 nm square. Figure 3(4) shows the derivative of the STM image 7, 8 , which correlates partially with the BEEM current image. In metal-inorganic semiconductor interfaces, the STM derivative and the BEEM images often correlate quite well. This is probably due to the fact that the BEEM current increases in the vicinity of grain boundaries, where the density of surface states is small. The images indicate non-uniform transparency of the interface over the region scanned by the STM. The bright spots indicate highly transparent regions. The size of such regions appears to be in the range of a few nanometers. Due to the spreading of the injected carriers in the Ag film, caused by interaction, and the strong scattering at the interface a precise determination of the lateral extent of such regions is not possible. The electronic transparency of the interface and the surface morphology of the Ag film appear to be uncorrelated. For instance, a junction of three grains forms a valley in the Ag film. However, the interface image also shows spots on top of the Ag grains, i.e. locations where the Ag film is quite uniform in thickness. Spatial non-uniformity of injection barriers, and existence of more than one injection threshold have been observed concomitantly. These are possibly attributable to different conformations of the organic, existing as domains 12, 13 resulting in spatial variation of energy levels and injection barriers.
Temperature, disorder, applied field, and interface dipoles influence the transport of carriers across a metal-organic interface [17] [18] [19] [20] [21] [22] . Other variables are -choice of materials, sample preparation technique, and time, since metal-organic contacts exhibit aging behavior 23 . A reasonably successful model [18] [19] [20] considers hopping in the presence of a Coulomb potential. The primary injection process from the Fermi level of the metal to the first layer of the organic is considered explicitly, with the subsequent diffusive random walk treated as an Onsager-like process. Such a model predicts power law dependence of the current on the voltage. Agreement between theory, experiment and simulation is obtained. The logarithmic I-V plot shown in Figure 2 (2) is similar to the I-V's obtained from this model [18] [19] [20] .
In conclusion, BEEM enables investigation of the schottky barrier magnitude and imaging of transparency for buried metal-organic interfaces at nanoscales. Images of the interface transparency show substantial lateral/spatial non- uniformity. The spectroscopy data indicate multiple injection thresholds/barriers possibly due to coexisting conformational variants. Significant deviation of the barrier magnitude from the Schottky-Mott rule is observed. Such studies need to be performed with other metal-organic interfaces in order to obtain a better understanding of charge transfer across metal-organic interfaces, which are currently being addressed.
